INTRODUCTION

Cerro Azul, one of the large shield volcanoes in the western Galápagos archipelago, has erupted a wide range of tholeiitic to alkalic basalts. The Galápagos archipelago is a hotspot-generated collection of island volcanoes that differs in many respects These diverse compositions include some of the most primitive yet
from more familiar examples, such as Hawaii. The arreported from the western archipelago and are unlike those of the chipelago is located adjacent to the Galápagos Spreading other, well-studied, neighboring volcanoes of Sierra Negra and
Center and constructed atop a shallow volcanic platform Alcedo, which have erupted basalt of fairly uniform composition.
on young, thin ocean lithosphere ( Fig. 1) . Although it Major-and trace-element modeling shows that Cerro Azul, Alcedo has been long recognized that the Galápagos islands and Sierra Negra share a similar depth of melting and source reflect intraplate volcanism resulting from a mantle plume composition. Modeling also reveals that there are small, systematic (Morgan, 1971 ), a number of tectonic and petrologic differences in the extent of partial melting between the volcanoes features conflict with a simple mantle plume model. that can be related to their distance from the proposed plume center These include: (1) a non-linear arrangement of volcanoes; below the westernmost island of Fernandina. However, even though (2) a wide distribution of simultaneously active volcanoes; melts segregating from the plume in the western Galápagos reflect a (3) a distinct geographic pattern to the petrologic and narrow range of temperatures and source compositions, there are geochemical diversity of the volcanoes; (4) a lack of wide variations in the enrichments of major and trace elements any consistent petrological and geochemical evolutionary between Cerro Azul, Alcedo and Sierra Negra that cannot be patterns like those documented for Hawaii (Macdonald attributed to mantle processes. We believe the observed intershield & Katsura, 1964; Frey & Clague, 1983) Chen & Frey, geochemical differences result from magma supply and cooling rates 1985; and Réunion (Albarède et al., 1997) . Much of that are unique to each volcano, and reflect the variations in the geochemical variability between volcanoes in the lithospheric transport and storage processes across the western Galápagos has been ascribed to mantle processes conarchipelago.
nected with a well-defined, archipelago-wide pattern of depleted and enriched mantle source compositions (Geist et al., 1988; Geist, 1992; Graham et al., 1993; White et al., 1993; Kurz & Geist, 1999; Harpp & White, 2001 ). These geochemical patterns are proposed to result from both intrinsic differences in plume com-KEY WORDS: basalt; Galápagos; magma supply; mantle plume; ocean position and the effects of entrainment and mixing of enriched plume and depleted asthenosphere (mid-ocean island
Tectonic setting
winian' lineaments and attributed the origin of the volThe Galápagos archipelago is located on the Nazca plate cano alignments to the presence of some 'megatectonic' >1000 km west of South America (Fig. 1) . The islands (Nordlie, 1973) stress. Chadwick & Howard (1991) also rise from a shallow volcanic platform that forms the discussed the lineaments and their possible role in the alignment of the individual volcanoes but discounted western end of the aseismic Carnegie Ridge. The east- their influence over modern volcano eruptive fissures, cones, and is surrounded by a flat, summit rim of 1 km which they believe are controlled by intravolcano stresses width (Fig. 2) . The entire summit rim is surrounded by resulting from magma intrusion.
steep slopes, and in most sectors of the volcano slopes descend to 600 m above mean sea level. Below that height on the northern, eastern, and southern flanks, shallow-dipping lower slopes form a constructional apron up to 15 km wide. On the SW sector, however, the slopes
GEOLOGY OF CERRO AZUL
are steeper (up to 30°) and plunge from the summit rim A detailed volcanic history of Cerro Azul has been (>1600 m in elevation) directly to the sea within a presented in Naumann & Geist (2000) , and is briefly horizontal distance of 4·5 km (Fig. 2) . Here, a 20 km 2 summarized below. Cerro Azul forms the SW end of embayment (Caleta Iguana) interrupts the otherwise conIsabela island and has a maximum subaerial dimension vex outline of the volcano and represents a departure of 34 km × 22 km and a subaerial volume of 172 km 3 from the normal morphologic profile of the western (Naumann & Geist, 2000) (Fig. 2) . It rises to 1640 m and Galápagos volcanoes. This embayment is produced by is second in elevation only to Volcán Wolf (1710 m). Ten a series of steep, north-to NW-trending landslide scarps documented eruptions have occurred between 1932 and up to 100 m high that expose the steeply dipping (up to 1998, an average of one eruption approximately every 30°) lava flows of the SW flank. The failure of the 6·5 years. Although Cerro Azul has been constructed southwestern flank of Cerro Azul results from its conprimarily by effusive Hawaiian-style eruptions, explosive struction directly adjacent to the steep submarine eshydrovolcanic eruptions have occurred intermittently carpment, of 3 km height, that defines the westernmost from vents on the caldera floor and southern summit edge of the Galápagos platform (Fig. 1 ). On this sector rim (Naumann & Geist, 2000) .
of the volcano recent lower flank vents are absent owing The 'inverted soup plate' profile unique to the western to the gravitational stresses imposed by the SW-directed Galápagos shield volcanoes is well displayed at Cerro flank failure, which has redirected intrusions to the NW Azul. Most sectors of the volcano have shallow-dipping or SE (Naumann & Geist, 2000) . This has resulted in a lower flanks (generally <4°), steep upper flanks (ranging concentration of recent eruptions from a NW-SE rift from 12°to 30°), and a wide flat summit platform >5 km zone on the summit platform and within the caldera that in diameter (Fig. 2) . A multiply nested caldera of 450 m depth contains numerous benches, eruptive fissures, and intersects earlier eruptive fissures at a high angle. Owing to frequent eruptions, a dry climate and the ages of 69 ± 17 ka and 82 ± 17 ka (Naumann & Geist, 2000) . Cosmogenic 3 He surface exposure ages resulting lack of fluvial erosion, there is no deep dissection of the volcano surface, except within the caldera. Two from samples representing a complete range of surface weathering were collected at the summit rim, north coast, samples, one from the base of the eastern caldera wall at a depth of >450 m and another from the upper part and near Caleta Iguana (Kurz & Geist, 1999) . The ages indicate that the surface of the volcano is young and has of a 300 m section of lavas that filled the caldera and form the intra-caldera benches, yield 40 Ar/
39
Ar plateau been resurfaced in 5000 years. We estimate that at least Fig. 3 . Cross-section through southern Isabela island (Cerro Azul, Sierra Negra, and Alcedo) showing relative shapes, dimensions, and volumes of volcanoes. Caldera dimensions are given and caldera outlines are shown slightly larger than scale of cross-section for clarity. The irregular outline of Cerro Azul's caldera should be noted.
25% of the volcano is covered by flows <2000 years old 313 ka. Thus, all three volcanoes have been conand calculate an average eruption rate of >0·30 × 10 6 temporaneously growing throughout their emergent hism 3 /yr based on the surface area (>600 km 2 ) covered by tories. flows of 2 m thickness. By comparison, Reynolds & Geist (1995) estimated that the surface of Sierra Negra is <7000 years old and computed a long-term growth rate of 1·1 × 10 6 m 3 /yr.
SAMPLING AND ANALYTICAL TECHNIQUES
Rock samples were ground in a Spex tungsten-carbide ring mill and analyzed at the Washington State University
RELATIVE AGE OF THE WESTERN
geoanalytical facility according to the procedures of John- son et al. (1999) . Major elements, Ni, Cr, Sc, V, Ba, Sr, Volcanoes have been active on most of the Galápagos Rb, Zr, Y, Nb, Cu and Zn were determined by XRF islands during the Quaternary, but the maximum meas-techniques. Samples were examined in thin section for ured ages of the volcanoes generally increase from Fer-weathering and phenocryst accumulation, and a subset nandina in the west to San Cristobal in the east (Fig. 1 ) of lavas (20) were analyzed for the rare earth elements (White et al., 1993; Sinton et al., 1996) , as predicted by (REE), Ba, Th, Nb, Y, Hf, Ta, U, Pb, Rb, and Cs by the eastward motion of the Nazca plate. Determining inductively coupled plasma-mass spectrometry (ICP-MS). the relative ages of the western shield volcanoes of Isabela Estimates of relative precision are based upon analyses and Fernandina is problematic for the following reasons: of standards and replicate analyses and are <2% for (1) they are aligned nearly perpendicular to the direction major-element oxides and <5% for all trace elements of the Nazca plate motion, precluding a simple temporal except Cr and Rb (17% at these levels). Sr and Nd progression for their origin as the Nazca plate moved isotopes were analyzed in a subset of 11 samples in the above the Galápagos hotspot; (2) the flanks of each Chemistry Department of Woods Hole Oceanographic volcano are completely surfaced by young lavas; (3) owing Institution according to the method of Kurz et al. (1995) . to a dry climate and the lack of erosion, there is no He isotopes were analyzed in a subset of five samples incision into the volcano flanks. The deepest exposures according to the methods reported by Kurz & Geist come from the caldera walls, but Alcedo and Sierra (1999) . Errors for isotopic values are reported as 2 . Negra have only shallow calderas (Fig. 3) .
GALÁ PAGOS VOLCANOES
The lack of deep erosion or drill holes precludes precise age determinations for the volcanoes, but Naumann & Geist (2000) ) at lava series, as follows.
(1) High-MgO basalts (>10% MgO), which are proportions of clinopyroxene and olivine in these samples are similar to those in the other lavas, they are interpreted sparsely porphyritic. These lavas contain 2-5% euhedral to subhedral olivine phenocrysts (>0·5 mm) in an inter-to have accumulated plagioclase and are excluded from the major-element chemical plots. granular groundmass of olivine, augite, plagioclase, and Fe-Ti oxides. Olivine phenocrysts range in composition from Fo 89 to Fo 85 (Fig. 4) , and single grains are either unzoned or exhibit weak normal zoning, with rims >4% Major elements less forsteritic than the cores. The lack of disequilibrium Cerro Azul has erupted a wide compositional range of textural features and the sparse amounts and consistent basaltic lavas, some of which are the most primitive proportions of phenocrysts suggest that most of these compositions known from the western Galápagos arlavas have compositions close to those of natural liquids. chipelago (Table 1 ; Figs 6 and 7). On a plot of total There are two exceptions: sample CA-31 (13% MgO), alkalis vs silica, lavas from Cerro Azul plot as a continuous which contains >10% olivine phenocrysts (>0·5 mm) that range from tholeiitic to transitional to alkaline (Fig. 6) . are interpreted to have accumulated, and CA-46 (17·2% These fields (tholeiitic, transitional, and alkaline) closely MgO), which is a gabbroic xenolith containing 30% follow the three magma series defined by the petrography olivine phenocrysts. Both are excluded from the chemical and mineral chemistry above. Primitive lavas (>10% plots.
MgO) all plot well within the tholeiitic field. Most inter-(2) Intermediate-MgO basalts, defined as having be-mediate lavas (7-10% MgO) straddle the dividing line tween 7 and 10% MgO. These lavas are by far the most of Macdonald & Katsura (1964) and plot as transitional abundant type of lava on Cerro Azul and contain variable between alkalic and tholeiitic compositions, and evolved amounts of olivine + plagioclase ± clinopyroxene samples (<7% MgO) all plot within the alkaline field. phenocrysts. Olivine phenocrysts range in composition Tholeiites represent the majority of samples (48%), from Fo 87 to Fo 83 (Fig. 4) , and single grains show weak whereas alkaline and transitional samples are 25% and normal zoning, with rims >3% less forsteritic than the 27%, respectively. Curiously, 12 of the 13 alkaline cores. Plagioclase phenocrysts are typically subhedral and samples were collected from the SW sector of the volcano range in composition from An 92 to An 80 (Fig. 5 ). Many and include older flows from the upper and lower flanks, plagioclase phenocrysts are normally zoned with rims up as well as recent lavas from a NW-SE-trending summit to 10% lower in anorthite component than the core, or rift zone that cross-cuts earlier circumferential and radial in rare occurrences, showing weak oscillatory zoning. fracture zones on this sector of the volcano. Clinopyroxene phenocrysts range from subhedral to anWith the exception of SiO 2 , the more evolved transhedral and are limited to the samples with <8% MgO. itional and alkaline lavas of Cerro Azul typically plot as They range in composition from Wo 47 En 45 Fs 8 to well-defined trends below 8% MgO (Fig. 7) . TiO 2 , FeO, Wo 45 En 46 Fs 9 (Fig. 4) , and many exhibit weak, normal Na 2 O, K 2 O, and P 2 O 5 are inversely correlated with MgO zoning. Clinopyroxene and plagioclase make up glo-and steadily increase with decreasing MgO. There is a meroporphyritic clots in many of these intermediate lavas. change in slope in all oxides at >8% MgO. The CaO/ The groundmass mineral assemblage consists of olivine, Al 2 O 3 ratio of Cerro Azul lavas steadily decreases below plagioclase, clinopyroxene, opaques, and sparse needles 8% MgO and is lowest in the most evolved alkaline of apatite, and textures vary from hyalopilitic to ophitic, samples (Fig. 8) . although fine-to medium-grained intergranular texture Although Cerro Azul samples have a continuous range is the most common. Inclusion relationships indicate of MgO, the concentrations of many of the major-element that olivine, plus Cr-spinel, is the initial liquidus phase, oxides vary widely at a similar MgO content (e.g. 6-9% followed by plagioclase and then clinopyroxene.
MgO) (Fig. 7) . For example, the SiO 2 content of the less (3) Evolved basalts are those with MgO <7%. These evolved tholeiitic series ranges from >48 to 50% at contain phenocrysts of olivine + plagioclase with sparse >8% MgO. FeO, Na 2 O and K 2 O also have wide ranges clinopyroxene. Olivine phenocrysts range in composition at >8% MgO content. A particularly unusual primitive from Fo 71 to Fo 69 (Fig. 4) . Plagioclase phenocrysts are olivine tholeiite (11·7% MgO) from Cerro Azul (CA-36) euhedral to subhedral and range in composition from lies well off the trend for the other tholeiitic samples and An 71 to An 57 (Fig. 5) . Many plagioclase phenocrysts in has much higher SiO 2 (51·5%) and lower TiO 2 , CaO, the evolved basalts are reversely zoned with rims up to K 2 O, and P 2 O 5 . 12% higher in anorthite component than the core. Several specimens have a few small grains of clinopyroxene (Wo 40 En 43 Fs 16 ) (Fig. 4) . Two samples from Cerro Azul Trace elements are unusually rich in Al 2 O 3 (>16%) relative to the rest of the samples and contain between The Sc/Y ratio, which acts as a proxy for the CaO/ Al 2 O 3 ratio, is constant in lavas with MgO >8% but 10 and 20% plagioclase phenocrysts. Because the relative decreases steadily below 8% MgO (Fig. 8) . The abund-ratios of Ba/Zr (Fig. 11 ) increase slightly but systematically from the tholeiitic to the alkaline suites ances of the compatible elements Ni and Cr decrease exponentially as a function of decreasing MgO (Fig. 9) . whereas the ratios of Sr/Nd decrease.
Chondrite-normalized REE patterns of the lavas from Abundances are highest (Ni >300 ppm and Cr >800 ppm) in the primitive tholeiites and lowest in the evolved Cerro Azul define steep, parallel, light REE (LREE)-enriched patterns that are systematically stacked from alkaline lavas (Ni <20 ppm and Cr <25 ppm).
Cerro Azul lavas have a wide range in the enrichments the tholeiites (lowest values) to the alkaline samples ( Fig.  12 ). There is a single anomalous lava (CA-36), which has of the most incompatible trace elements (e.g. Ba ranges from 40 to 200 ppm), and the abundances of Ba, U, Th, a chondrite-normalized REE pattern different from that of any analyzed lava from the western archipelago. It Rb, Zr, Sr and the REE are positively correlated (Fig.  10) . The highest concentrations are in the most evolved has La/Yb of 2·6 and defines a flat trend from La to Eu, then steepens and crosses the trends of other Cerro alkaline lavas and systematically decrease to the lowest abundances in the most primitive tholeiite (CA-36). All Azul lavas from Gd to Lu (Fig. 12 ). This pattern is similar to that of several samples reported from Santa Cruz in incompatible trace elements define steep linear trends on variation diagrams (plotted against Ba), with the exception the central Galápagos archipelago, where a wide range in the percent of partial melting has produced wide of Sr, which remains at >350 ppm at concentrations >120 ppm Ba. (Fig. 10) . Incompatible trace-element chemical variability (Bow, 1979; White et al., 1993) . 
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thl, trn, and alk denote tholeiitic, transitional and alkalic, respectively. Sample descriptions and locations have been given by Naumann (1998) . These analyses were by XRF, all others by ICP-MS. and data for Alcedo basalts from Geist et al. (1995) . Also shown are calculated 0·5 kbar and 4·0 kbar liquid lines of descent, as calculated by the MELTS program (Ghiorso & Sack, 1995) , assuming closed-system fractionation beginning at the quartz-fayalite-magnetite oxygen buffer. Bold line separates Hawaiian tholeiites from alkaline basalts (Macdonald & Katsura, 1964) . The unique tholeiitic sample CA-36 (star) should be noted.
Radiogenic isotopes
erupted >1 km 3 of rhyolite late in its volcanic history (Geist et al., 1994) . These evolved lavas are volumetrically Isotopic ratios of Sr and Nd are plotted in Fig. 13 He isotopic ratios from Cerro Azul cedo's crustal magmatic system with those of Cerro Azul define a small range (13·7-14·2 R a ± 0·2), which are and Sierra Negra. intermediate between the highest (Fernandina, 30 R a )
The wide range of major-element compositions from and lowest (Santa Cruz, 8·6 R a ) values from the Galápagos Cerro Azul contrasts strongly with the narrow range (Graham et al., 1993; Kurz & Geist, 1999) .
of basaltic compositions erupted at Alcedo and Sierra Negra (Reynolds & Geist, 1995) , where all lavas have MgO <6·5%. On an alkali-silica
Comparison of Cerro Azul with Alcedo and diagram (Fig. 6) , the wide spectrum of Cerro Azul Sierra Negra compositions (2·6-4·8% Na 2 O + K 2 O) encompasses
Major elements
and exceeds the total variation at both Alcedo (2·8-4·0% Na 2 O + K 2 O) and Sierra Negra (3·3-4·5% Na 2 O + Comparisons between Cerro Azul, Sierra Negra and Alcedo are complicated by the fact that Alcedo has K 2 O) together. Tholeiitic lavas from Cerro Azul extend to much more descent below 8% MgO, and with increasing degrees of differentiation (8% > MgO >4%) there is little intershield primitive compositions (13% MgO, Ni >320 ppm, mgnumber = 70) than lavas from Alcedo (7·2% MgO) or variation in the slopes or levels of enrichment or depletion of major-element concentrations and ratios (Figs 7 and Sierra Negra (7·8% MgO) and represent near-primary compositions on the basis of their high MgO and Ni 8). Cerro Azul lavas are richer in Na 2 O and K 2 O and have consistently lower CaO/Al 2 O 3 and Sc/Y ratios at contents (Hess, 1992) . Alcedo and Sierra Negra lavas form trends parallel to the Cerro Azul liquid line of a given MgO than either Sierra Negra or Alcedo (Fig. 8) . the Alcedo and Sierra Negra suites, respectively (Fig. Trace elements 10). This intershield difference in the enrichment of The range of the compatible trace elements Cr and Ni incompatible trace elements is repeated in the inis much more restricted at Sierra Negra (5-60 ppm Ni, compatible major-element oxides at Cerro Azul, where 20-220 ppm Cr) and Alcedo (10-60 ppm Ni, 20-180 K 2 O varies by a factor of 4·9, whereas at Sierra Negra ppm Cr) compared with Cerro Azul (10-330 ppm Ni, and Alcedo it is enriched by factors of only 2 and 2·8 10-800 ppm Cr) (Fig. 9) . (Fig. 7) . With the exception of U, Sr and Rb, incompatible
The concentration of Sr in the Alcedo and Sierra element concentrations are consistently higher in Alcedo Negra suites remains constant (>300 ppm) in lavas with and Sierra Negra lavas at a given Ba content than in >70 ppm Ba and forms narrow, overlapping trends. In Cerro Azul lavas. La, Th, Zr, and Yb are good intershield contrast, Cerro Azul tholeiites with low Ba concentrations discriminators and define narrow fields with similar slopes define a steep positive trend that intersects the Alcedo for all three volcanoes. Throughout the range of Cerro and Sierra Negra trends near 70 ppm Ba, and the Azul compositions, the concentrations of the highly intransitional and alkaline lavas of Cerro Azul are richer compatible elements La and Th increase by a factor of in Sr (>350 ppm) than the Alcedo and Sierra Negra >6, whereas throughout the range of compositions from suites. Alcedo and Sierra Negra, the concentrations increase by Sr/Nd and Ba/Zr ratios are generally higher in Cerro factors of only 3 and 2·5. The moderately incompatible Azul tholeiites than Alcedo and Sierra Negra at similar elements Zr and Yb increase by factors of 3·3 and 2·6 in the Cerro Azul lavas, and by factors of 2 and 1·8 in Ba concentrations, although the most primitive Cerro and a single Alcedo lava that plots with Cerro Azul and Sierra Negra (Fig. 13) .
He isotopic ratios from the samples reported here overlap with data reported by Kurz & Geist (1999) for Cerro Azul. The previous samples come from a different part of the volcano, and overall the data are consistent with a homogeneous mantle source. The average He isotopic ratios are lower at Cerro Azul (14 R a ) than Sierra Negra or Alcedo, which both have an average value of 16 R a (Kurz & Geist, 1999) .
DISCUSSION
Origin of Cerro Azul lavas and comparisons with Sierra Negra and Alcedo
Mantle source composition
The archipelago-wide pattern of depleted-to-enriched source compositions in the Galápagos has been well documented by Geist et al. (1988) , Geist (1992) , Graham et al. (1993) , White et al. (1993) , , and Harpp & White (2001) . Although the distribution of these different source compositions explains much of the isotopic variability throughout the archipelago, it does Nd, and He data from Cerro Azul and Sierra Negra define an extremely limited isotopic variability. This Azul tholeiites have ratios similar to those of Sierra suggests that these two volcanoes are derived from very Negra. Sierra Negra values are higher than Alcedo (Fig. similar source compositions (Fig. 13) and therefore source 11). compositional differences cannot be responsible for the Even though REE patterns are similar, in detail there wide variations in major and trace elements between are small intershield variations (Fig. 12) . Chondrite-these volcanoes. Alcedo's magmas have come from a normalized La/Yb ratios (La/Yb N ) range from 4·3 to slightly more depleted source than those of Sierra Negra 6·1 (highest in alkaline samples, lowest in tholeiites) for and Cerro Azul, but the difference is small when comCerro Azul with an average of 5·0, Alcedo ranges from pared with the archipelago-wide range (Fig. 13 ). 3·5 to 4·1 with an average of 3·6, and Sierra Negra ranges from 4·2 to 5·0 with an average of 4·6. The overall range of enrichment represented by the spread Degree and depth of melting of the stacked chondrite-normalized plots is narrowest at To determine the degree of melting required to produce Sierra Negra whereas Cerro Azul shows the widest range. the lavas of each volcano, partial melting of a hypothetical garnet lherzolite source was modeled using the methods of Johnson et al. (1990) . Both batch melting and aggregated fractional melting were modeled and the results are Sr and Nd isotopic ratios for the Galápagos archipelago presented in Table 2 , with the melting curves for agdefine a wide range of compositions between those typical gregated fractional melting plotted in Fig. 12 . Both types of MORB and values typical of the ocean island basalts of melting produce very similar results, with fractional (White et al., 1993) . Despite this wide range of isotopic melting requiring several percent lower overall extents of compositions throughout the archipelago, Cerro Azul melting to reproduce the chondrite-normalized patterns. and Sierra Negra lavas are isotopically similar and form Whereas the absolute extents of melting depend on the a very narrow range barely beyond analytical uncertainty. mostly unconstrained choice of mantle composition and The lavas from Alcedo have more depleted Sr and Nd mode, with the exception of one Cerro Azul sample isotopic ratios than Cerro Azul and Sierra Negra. Two exceptions are CA-36, which plots close to Alcedo values, (CA-36), the combined compositional range of all three volcanoes can be reproduced by 2-5% aggregated frac-average La/Yb ratio is highest at Cerro Azul (7·2), indicating that these lavas were produced by the lowest tional melting of a garnet lherzolite source (Figs 12 and  14) . The low and consistent abundances of the heavy degrees of melting (2-3%) when compared with Alcedo and Sierra Negra. The suites of lavas from Sierra Negra REE (HREE) require the inclusion of garnet in the source mineralogy, but to preserve La/Sm ratios the mode of and Alcedo have average La/Yb ratios of 6·6 and 5·3, respectively, indicating that Alcedo's lavas have been garnet must be low (>2%).
Isotopic ratios
According to the fractional melting model, small produced by the highest degrees of partial melting (>5%), and that the percent of partial melting required to prodifferences in the degree of melting produce strong variations in the LREE/HREE ratio, explaining the sys-duce Sierra Negra's lavas is intermediate (>4%). Although these La/Yb variations could be explained by tematic intershield variations in La/Yb ratios between Cerro Azul, Alcedo and Sierra Negra (Fig. 14) . The differing depths of melting (and therefore different Fig. 11 . Ba/Zr and Sr/Nd plotted against Ba. Suites created by similar extents of partial melting or similar sources should show narrow ranges in Ba/Zr. (Note the stacking of the Cerro Azul, Sierra Negra, and Alcedo suites indicating that they have probably been derived from small variations in the degree of partial melting.) Sr/Nd plotted against Ba shows strong influence from plagioclase removal in the more evolved (higher Ba) samples. The similar slope and origin of all three suites should be noted.
amounts of residual garnet in the sources), we feel that their respective positions relative to the center of the Galápagos mantle plume, which is proposed to lie beneath the similar isotopic compositions between these lavas Fernandina (Graham et al., 1993; White et al., 1993 ; Kurz preclude a large range in source composition or depth & Geist, 1999) . The highest temperatures, along with the of melting. However, because of Alcedo's more depleted largest degree partial melts, would be expected closest source composition (as indicated by Nd isotopes), the to the plume center (Alcedo). Lower temperatures and extent of partial melting may be slightly lower than smaller degree melts should produce a wider range of predicted by this model. The important point is that the enriched compositions and would be expected for the range of La/Yb compositions from all three volcanoes is edge of the plume (Cerro Azul). produced by only a 2-3% variation in the degree of melting, which according to Baker & Stolper (1994) corresponds to a 10-20°C temperature variation across
Fractionation or differentiation at Cerro Azul
the zone of melting. This suggests that the plume beneath Cerro Azul, Alcedo and Sierra Negra is both similar in Systematic variation in the major-element oxides and composition and well regulated in temperature. The trace elements, parallel REE plots, and constant inslight decrease in the extent of partial melting from compatible trace-element ratios all suggest that the tholeiitic, transitional, and alkaline basalts of Cerro Azul are Alcedo to Sierra Negra to Cerro Azul is consistent with genetically related by fractional crystallization. Naumann nepheline-normative alkali-olivine basalt with 4·7% MgO can be modeled by the further removal of 15% & Geist (1999) presented a model for the production of Cerro Azul's alkaline basalts from the primitive tholeiites plagioclase, 7% augite, and 5% olivine, the sum of the squares of the residuals being 0·25 (Table 3) . The close by fractional crystallization of augite + plagioclase + olivine at pressures between 5 and 3 kbar, and it is briefly correspondence of the mass-balance calculation to the compositional variations exhibited by these lavas provides summarized here. A mass-balance calculation using the least-squares method (Bryan et al., 1969) and microprobe further evidence that the alkali-olivine basalts are related to the tholeiites by fractional crystallization; this example analyses of phenocrysts within the lavas indicates that a hypersthene-normative tholeiitic magma with 9·42% suggests a total of 65% crystallization by weight.
The compositional variation of the Cerro Azul suite MgO (sample CA-28) could have produced a transitional basalt with 7·01% MgO (sample CA-37) through removal indicates that augite also became saturated with olivine and plagioclase as the parental tholeiitic magmas cooled of 17% plagioclase, 14% augite, and 7% olivine, leaving 62% residual magma (Table 3 ). The sum of the squares and evolved to an MgO concentration of >8%. Below 8% MgO, the trends of major-element oxides and the of the residuals of the 10 major elements is 0·48. A CaO/Al 2 O 3 and Sc/Yb ratios for Cerro Azul sharply of compositions at Cerro Azul trends to high MgO, whereas the compositional range of Alcedo's lavas trends change slope reflecting the addition of clinopyroxene as a fractionating phase (Fig. 8) .
to low MgO. Using a series of projection schemes that show changing liquidus assemblages with pressure (Grove et al., 1993;  Comparison with Sierra Negra and Alcedo Yang et al., 1996) , Geist et al. (1998) showed that magmas The intershield similarities of major-and trace-element from Cerro Azul, Alcedo and Sierra Negra equilibrated concentrations and ratios at MgO <8% suggest that at a range of pressures between 1 and 5 kbar similar magmatic evolution, involving the fractionating (3·5-17·5 km). Both Alcedo and Sierra Negra comassemblage ol + pl + cpx, controlled the compositional positions plot over a narrow range of pressures between evolution of basaltic compositions at all three volcanoes.
3 and 5 kbar. In contrast, Cerro Azul compositions plot At Alcedo, Geist et al. (1995) determined that the range over a wide range from near-surface pressures to >5 kbar, of basaltic compositions (6·8-4% MgO) requires >40% although the bulk of samples cluster between 1 and fractionation of ol + pl + cpx, from an olivine tholeiite 3 kbar. parent. At Sierra Negra, Reynolds & Geist (1995) determined that the range of basaltic compositions required 36% fractionation involving ol + pl + cpx from the most
Implications of the intershield geochemical
primitive lava to reproduce the observed compositional variations range. These intershield differences in the predicted degree of fractionation between Cerro Azul, Alcedo The petrological and geochemical diversity between Cerro Azul, Alcedo and Sierra Negra records systematic and Sierra Negra closely match the relative degree of enrichments represented by the range of chondrite-nor-variations in the melting and crystallization conditions and reflects the range of magmatic systems active in the malized REE plots in Fig. 12 ; Cerro Azul (65%) > Alcedo (40%) > Sierra Negra (35%). However, when the total western Galápagos today. Clearly, some process prohibits either the formation or eruption of primitive (MgO range of compositions from Alcedo is considered, an additional 50% fractionation is required to produce the >6·5%) compositions at Alcedo and Sierra Negra but not at Cerro Azul. rhyolitic lavas (72% SiO 2 , 0·32% MgO). Thus, the range in fractionation is smallest at Sierra Negra. Both Alcedo Fractionation of ol + pl + cpx at pressures between 1 and 5 kbar has controlled liquid line of descent at and Cerro Azul show wide variations although the range 0·00  249·88  148·35  64·73  41·26  38·79  19·08  14·43  10·50  23·80   0·01  105·88  82·47  49·28  35·06  33·58  18·16  14·03  10·46  10·12   0·03  49·19  43·68  33·35  26·95  26·46  16·56  13·31  10·39  4·74   0·05  32·03  29·71  25·21  21·89  21·83  15·23  12·65  10·31  3·11   0·07  23·75  22·51  20·26  18·43  18·58  14·09  12·06  10·24  2·32   0·09  18·87  18·12  16·94  15·91  16·17  13·11  11·52  10·17  1·86   0·11  15·66  15·16  14·55  14·00  14·32  12·26  11·03  10·10  1·55   0·13  13·38  13·03  12·75  12·50  12·84  11·51  10·58  10·03  1·33   0·15  11·68  11·43  11·35  11·29  11·65  10·85  10·16  9·96  1·17   0·17  10·36  10·18  10·23  10·29  10·65  10·26  9·77  9·89  1·05   0·19  9·31  9·17  9·30  9·46  9·81  9·73  9·42  9·82  0·95   0·21  8·45  8·35  8·53  8·75  9·10  9·25  9·08  9·76  0·87 Aggregated fractional melting 0·00  249·88  148·35  64·73  41·26  38·79  19·08  14·43  10·50  23·80   0·01  135·97  101·89  55·49  37·79  35·90  18·60  14·22  10·48  12·97   0·03  59·23  55·42  41·52  31·79  30·81  17·65  13·81  10·44  5·67   0·05  35·98  35·56  31·91  26·89  26·53  16·72  13·40  10·40  3·46   0·07  25·71  25·67  25·21  22·90  22·94  15·82  12·98  10·35  2·48   0·09  20·00  20·00  20·48  19·65  19·95  14·93  12·55  10·31  1·94   0·11  16·36  16·36  17·07  17·01  17·45  14·07  12·11  10·25  1·60   0·13  13·85  13·85  14·55  14·86  15·37  13·23  11·67  10·20  1·36   0·15  12·00  12·00  12·65  13·11  13·64  12·41  11·22  10·14  1·18   0·17  10·59  10·59  11·17  11·67  12·19  11·62  10·75  10·07  1·05   0·19  9·47  9·47  10·00  10·49  10·99  10·86  10·27  10·00  0·95   0·21  8·57  8·57  9·05  9·51  9·98  10·13  9·78  9·91 0·87 * Values from Johnson et al. (1990) . †Initial source concentration is slightly depleted from chondritic composition based on Nd isotopes.
Fig. 14.
A summary of the range of conditions imposed by a increasing magma supply and decreasing cooling rate of crustal magma bodies to account for the petrological variations between Cerro Azul, Sierra Negra and Alcedo. Modified from Christie & Sinton (1981) . If the magma volume is small, then cooling rate is too rapid and no eruption is possible (curve not shown). Curve representing the magmatic system at Cerro Azul shows increasing magma supply and the flattening of the cooling curve, resulting in initial eruptions of unfractionated lavas with little or no residence time in the crust. As the magma supply at Cerro Azul increases, the cooling curve will approach an asymptotic relationship to the basalt solidus and magmas may reside in the crust where limited shallow-level fractionation is possible. With increasing magma supply rates (Alcedo), an asymptotic curve is reached with the basalt solidus and extensive fractionation is capable of producing silicic melts in isolated chambers. Such extreme fractionation can occur only where there is a delicate balance between cooling rate and magma supply rate. Finally, as the magma supply rate increases, magma mixing is likely to occur before extremes of fractionation are reached. The onset of magma mixing in isolated large chambers will evolve towards a steady-state condition and produce buffered Fe-Ti basalts of limited compositional range. all three volcanoes (Geist et al., 1998) , but the highly Petrogenetic model differentiated compositions (rhyolite) at Alcedo can occur In developing a petrogenetic model, we begin with the only where magma supply rates are low enough to isolate premise that the relatively restricted range of lava a large crustal magma chamber from input by mantle-compositions at Sierra Negra reflects a well-regulated derived basalt (Geist et al., 1995, after Christie & Sinton, thermal environment in which a high supply of primitive 1981). Long-lived magma chambers capable of homo-magma is buffered as it passes through an ol + pl genizing melts have been predicted for the Galápagos + cpx mush zone (e.g. Sinton & Detrick, 1992 ; volcanoes based on geochemical data (White et al., 1993; Albarède et al., 1997) or a steady-state magmatic system Geist et al., 1995 Geist et al., , 1998 Reynolds & Geist, 1995;  Allan in which magma mixing, combined with relatively & Simkin, 2000) and structural studies of caldera and constant resupply and eruption rates, effectively buffers fissure formation (Chadwick & Howard, 1991 ; Chadwick the range of major-element compositions (O'Hara, & Dieterich, 1995) . White et al. (1993) argued that the 1977). The distinct geochemical and petrological trends uniform major-element and isotopic compositions of seen at Cerro Azul and Alcedo are related as transient many Galápagos volcanoes are the result of magma stages resulting from lower magma supply rates that chambers serving to homogenize melts passing through are either leading towards or decaying from this steady them. With the accumulation and mixing of multiple state. Throughout this range, variations in the geometry melt batches in a long-lived chamber, temperatures re-of magma storage (small, disconnected chambers to main high and the composition of erupted magmas is large single chambers) and cooling rates (slow to fast) evolved but restricted. We believe this is the case at are controlled by the total supply rate of primitive Sierra Negra and the pre-rhyolite stage at Alcedo. If magma to each volcano. Similar models were developed magmas are stored in smaller chambers and not thor-by Christie & Sinton (1981) and Sinton & Detrick oughly mixed, a range of compositions results. This is (1992) for MORB, Meyer et al. (1985) for Iceland, and Frey et al. (1990) for Hawaii. the case at Cerro Azul. 
Evidence for variable magma supply rates between supply rates gradually increase and cooling rates of crustal bodies decrease, resulting in a wide range of melt comCerro Azul, Sierra Negra and Alcedo may also be reflected in the shape and size of their calderas (Fig. 3) , positions directly at the propagating tip (low supply, fast cooling) to buffered Fe-Ti basalts of fairly uniform which are presumed to represent their magma chamber dimensions. If this is true, then a larger chamber means composition well behind the tip (high supply, slow cooling). A direct correlation can be made with these spreada higher magma supply. At 4 km × 5 km, Cerro Azul has the smallest caldera in the western Galápagos, and ing ridge environments and those at Cerro Azul, Alcedo, and Sierra Negra (Fig. 14) . At Cerro Azul, small volumes it has been constructed by the collapse of multiple, small (1-2 km width) chambers, resulting in a multi-nested, of high-MgO tholeiitic magmas are stored in multiple, small, ephemeral chambers at a wide range of depths scalloped outline (Naumann & Geist, 2000) . Alcedo's caldera is intermediate in size (5 km × 7 km) with a between 3 and 15 km, which differentiate to variable extents, depending on the intrusion and structural hissmooth oval outline reflecting a single chamber (Geist et al., 1994) , and, at 9 km × 11 km, Sierra Negra's caldera tories of the individual chambers. Further, on occasion, odd primary magmas such as CA-36 bypass the currently is the widest in the western archipelago and also reflects the existence of a single large chamber (Reynolds & active chambers and are not homogenized into the main melt batch. Some of the reason for this disrupted magma . Christie & Sinton (1981) showed how cooling rates of system may lie in the fact that with its location on the platform margin, Cerro Azul remains unbuttressed on crustal magma bodies and magma supply rates must change as the magmatic system evolves behind the tip two sides and has experienced numerous flank failures.
This may allow for a deep-seated fracturing of the edifice, of a propagating rift and the effects of these changes on shallow fractionation. Throughout this evolution, magma resulting in a more distributed set of magma conduits.
A systematic variation in the rate of magma supply between the volcanoes helps to support the idea that the magma supply rate is the dominant control over the petrologic and geochemical variation between the volcanoes. A high magma supply rate at Sierra Negra is confirmed by the eruption rate calculations of Reynolds & Geist (1995) (0·15 × 10 6 m 3 /yr); the supply rate of primitive magma from the mantle must exceed this value two-fold to account for crystallization of primary magma. In addition, subaerial volume and emergent age calculations for Cerro Azul, Sierra Negra, and Alcedo (Naumann & Geist, 2000) indicate that Sierra Negra is the most voluminous volcano in the Galápagos (588 km 3 ), containing nearly 25% of the subaerial volume of the entire archipelago, and, because it is similar in age to the others, it must therefore have received the greatest supply of magma. We predict that the opposite is true for Cerro Azul (175 km 3 ), which is <30% of the volume of Sierra Negra and has a much lower eruption rate (>0·05 × 10 6 m 3 /yr; Naumann & Geist, 2000) . Naumann & Geist (2000) also proposed a model to Galápagos archipelago and their possible relationships to the size, explain the morphologic variation between these vollocation, spacing, and geochemical variations between Cerro Azul, Sierra Negra, and Alcedo. Magma supply to each volcano is controlled canoes that is based on differences in the magma supply by a combination of plume flow (availability of melt) and lithospheric rate to each volcano. If the western Galápagos volcanoes stresses. Galápagos plume is shown rising from a center to the west of are similar in age, then the morphologic variations among Isabela below the island of Fernandina (not shown) and advecting them cannot represent a uniform and simple path of eastward. Basaltic partial melts segregate at a depth near 60 km (the spinel-garnet transition), rise, and then are then focused to the surface evolution as suggested by Nordlie (1973) . Instead, each along fractures or faults in the overlying lithosphere, producing the volcano has been constructed simultaneously under alignment of the western volcanoes. As melts rise they are focused to different magma supply rates, which, in turn, are reflected the center into nodes, which results in the spacing of the volcanoes.
in their morphologic variability. Thus, a simple pattern of Both Sierra Negra and Cerro Azul receive melt from a similar area of the plume but Sierra Negra receives a much higher supply, resulting morphologic development related to temporal evolution in a high volume, thermally buffered magmatic system. may be absent in the Galápagos.
This type of structural control may also explain the high The control of magma supply rate in the concentration of alkaline lavas on this sector of the volcano. At Sierra Negra (and the pre-rhyolite stage of Western Galá pagos Alcedo), the volcano has been constructed by constant The results presented here suggest that the compositional high resupply rates of magma to a large, steady-state variations among Cerro Azul, Sierra Negra, and Alcedo chamber with low cooling rates, buffering the major-reflect variations in magma supply rate of primitive element compositions of the lavas and resulting in the magma to each volcano, but what is controlling the eruption of Fe-Ti basalts with a narrow compositional different rates? At Hawaii, the geochemical transitions range (4-7% MgO). At Alcedo, lower resupply rates (alkaline to tholeiitic magma series) are linked to age and more recently have resulted in an intermediate cooling position relative to the Hawaiian hotspot. At mid-ocean rate and long residence times of magmas. This thermal ridges (including Iceland), mantle temperature (and the history causes increased cooling and the evolution of resultant magma supply rate) is controlled by the spreadcompositions as differentiated as rhyolite. In the case of ing rate, the position relative to the propagating ridge Alcedo, high degrees of crystal fractionation are favored tip, or the proximity to the cold edge of a transform fault only when the cooling rate exceeds the resupply rate of (Meyer et al., 1985; Sinton & Detrick, 1992) . White et primitive magma (Fig. 14) . The origin of odd lavas similar al. (1993) recognized that magma supply rates have to CA-36 by larger extents of melting may occur at Sierra influenced the enrichment of Galápagos magmas and Negra and Alcedo but goes unnoticed because of their related the development of permanent chambers, hohomogenization in a large chamber. It is only at Cerro mogenization of melts, and extreme fractionation to Azul, with a plexus of smaller chambers, that com-volcano age and crustal thickness. White et al. (1993) predicted that the western shields evolved through a positional variability can be preserved. series of stages that eventually resulted in the production surface, allowing deep-generated magma to rise quickly to of differentiated compositions like those of Alcedo. A the surface. Such spatial patterns can be seen in other problem with this explanation is that the western vol-mid-plate volcanic chains that do not form clear timecanoes are all young and aligned at a high angle to transgressive chains, such as coeval Pacific Ocean seathe Nazca plate motion, precluding a simple temporal mounts near the East Pacific Rise, whose origin and progression for the differences in their petrologic vari-morphologic evolution result from tectonic processes and ation. In addition, no systematic chemical trends (tholei-thermal regimes at fracture zones (Batiza & Vanko, 1983) , itic to alkaline) have yet been defined for any Galápagos the Austral Islands, where the volume and location of volcano. Clearly, some factor other than volcanic age is midplate volcanism is also controlled by lithospheric controlling the magma supply rate.
stresses (McNutt et al., 1997) , or the North Arch volcanic A decrease in magma supply reflects a decrease in field near Hawaii, whose origin is ascribed to the flexure the degree of melting in the postshield volcanism on and cracking of the Pacific plate as a result of the Haleakala (Chen & Frey, 1985) , Mauna Kea (Frey et al., Hawaiian swell (Clague et al., 1990) . 1990) and Kohala (Lanphere & Frey, 1987) . In the Tectonic controls are also responsible for compositional Galápagos, the calculated percent of partial melting does variations associated with propagating rifts of the Ganot simply relate to the volume of the erupted magmas. lápagos Spreading Center (Christie & Sinton, 1981) , The average degree of partial melting systematically MORB (Sinton & Detrick, 1992) , and Iceland (Meyer et increases from Cerro Azul (2-3%) at the plume edge to al., 1985) , where magma supply rate is linked to the Sierra Negra (3-4%) and Alcedo (5%), which are closer thermal maturation of conduit systems. Thermal matto the center of the plume. These melt differences rep-uration of conduits is observed to take place on active resent only a 10-20°C temperature variation within the fissure eruptions (Spera, 1980) where increased magma plume and are slight when compared with differences in supply promotes a positive feedback as higher velocities eruption rate between the volcanoes, which differ by a create low-pressure regions and further temperature rises factor of three. A 1-2% difference in the degree of partial draw in more magma, leading to ever-increasing supply. melting between Cerro Azul and Sierra Negra cannot In this way Sierra Negra, which contains >25% of the account for the differences in their eruption rates. This subaerial volume in the Galápagos (Naumann & Geist, decoupling between the percent of melting and eruption 2000), may have become dominant at the expense of the rates in the Galápagos was also recognized by Geist et surrounding magmatic systems (Fig. 15) . al. (1995) for the rhyolites at Alcedo, where a 10-fold Focusing of melts along fissures also promotes the decrease in the eruption rate was not accompanied by a regular spacing of volcanoes. As melts migrate laterally drop in the overall degree of partial melting. It seems towards areas of greatest flow, they focus into nodes that reasonable to assume that if differences in magma supply help draw more melt in, giving rise to the regular spacing. rate among the western shield volcanoes cannot be linked This is analogous to the segmentation of spreading ridges, to the degree of melting then these differences may where the greatest volume of flow is in the central portion instead be linked to plume flow and shallow-level magma of each segment (Whitehead et al., 1984) . transport mechanisms.
The schemes shown in Fig. 16 are conceptual and When melt production from the rising Galápagos conillustrate a four-stage development of the western Gatacts the base of the lithosphere, rising melts would be lápagos archipelago: focused to the surface by faults or fractures in the overlying Stage 1: structural weaknesses (fractures?) are imposed lithosphere (Fig. 15 ). This 'lithospheric filter', superon the thin lithosphere of Nazca plate as a result of its imposed above an eastward expanding plume, would proximity to the nearby Galápagos Spreading Center promote a broad area of volcanism and would permit the (Fig. 16a) . simultaneous development of widely distributed volcanic
Stage 2: widespread fissure-type eruptions begin crecenters, aligned at a high angle to the plate motion ation of the Galápagos platform. The location of eruptive vector. A similar model is suggested for Iceland, where fissures is controlled by the pre-existing structure of the melts are focused into rifts as a result of lower lithostatic Nazca plate (Fig. 16b) . forces caused by fracturing (Meyer et al., 1985) . GeoStage 3: voluminous fissure eruptions continue to conphysical modeling by Feighner & Richards (1994) instruct the Galápagos platform, which only slightly predicates that the volcanoes along the Wolf-Darwin dates the emergence of the volcanoes. The Nazca plate lineament are also coeval and suggests that the Wolfis flexed isostatically to compensate for the additional Darwin lineament is a crustal-scale fault produced by load. Isotopic variations documented by Graham et al. loading of the lithosphere, which has served to focus the (1993), , and Harpp & White (2001) show passage of melts. In addition, Feighner & Richards (1994) that compositions of lavas dredged from the surrounding speculated that similar features may provide pathways for magma and control the transport time of magma to the platform match those at the nearby volcanoes (Fig. 16c) . Stage 4: fissure eruption changes into focused, point CONCLUSIONS source eruptions along the eruptive fissures that have Cerro Azul has erupted a wide range of tholeiitic to controlled the passage of melts to the surface. Continuous alkalic basalts. These diverse compositions are some eruptions produce the volcanoes of Isabela and Fer-of the most primitive yet reported from the western nandina, whose alignment is due to the initial fracture archipelago and are unlike those of other, well-studied, zones and whose spacing is controlled by Rayleigh-neighboring volcanoes of Sierra Negra and Alcedo, which Taylor instabilities above the melt segregation zone in have erupted basalt of fairly uniform composition. Majorthe upwelling mantle plume. Variations in eruptive vol-and trace-element modeling shows that the source for umes and thermal maturation are controlled primarily Cerro Azul and Sierra Negra is identical, whereas the by lithospheric weaknesses. Currently, Sierra Negra is source for Alcedo's basalts is slightly more isotopically receiving the highest supply. Roca Redonda (Fig. 1) has depleted. Modeling also reveals that all three volcanoes become emergent without creating a platform mor-share a similar depth of melting in the garnet stability phology similar to the rest of the western archipelago, field, and there are small (2-3%) systematic differences possibly indicating that it represents a starved center in the extent of partial melting between the volcanoes where there has been low magma supply throughout the that can be related to their distance from the proposed growth cycle of the other volcanoes (Standish et al., 1998) plume center below the westernmost island of Fernandina. However, erupted volumes do not correlate (Fig. 16d) . 
